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Introduction {#jcsm12303-sec-0005}
============

Skeletal muscle is one of the most abundant tissues in the human body and it is involved in the generation of voluntary movements and in the control of body metabolism. Overstretching, trauma and excessive training are responsible for acute muscle damage, which is counterbalanced by considerable regenerative potential to preserve muscle function over time.[1](#jcsm12303-bib-0001){ref-type="ref"} After injury, the inflammatory response promotes muscle stem cells activation and differentiation to eventually repair damaged muscle tissue by generating new myofibers.[2](#jcsm12303-bib-0002){ref-type="ref"} Impairment of this regeneration process is responsible for deterioration of quality of life, precedes death, and occurs not only in sarcopenia (i.e. age‐associated muscle wasting) but also in several chronic conditions such as Duchenne Muscular Dystrophy and cancer cachexia.[3](#jcsm12303-bib-0003){ref-type="ref"}

Cancer cachexia is a multifactorial syndrome characterized by massive muscle wasting, which cannot be reversed by increased nutrition. Cachexia appears in nearly 50% of patients with advanced stage of cancer and leads to progressive functional impairment, decreased quality of life with respiratory complications, and death can occur following the loss of \~75% of skeletal muscle mass.[4](#jcsm12303-bib-0004){ref-type="ref"}, [5](#jcsm12303-bib-0005){ref-type="ref"}, [6](#jcsm12303-bib-0006){ref-type="ref"} We have recently found that three genes encoding for proteins of the C‐X‐C motif chemokine receptor 4 pathway are down‐regulated in the atrophying gastrocnemius of Yoshida hepatoma‐bearing rats: stromal cell‐derived factor 1, adenylate cyclase 7, and p21 protein‐activated kinase 1 (Pak1).[7](#jcsm12303-bib-0007){ref-type="ref"}, [8](#jcsm12303-bib-0008){ref-type="ref"}

Paks are Ser/Thr kinases acting as downstream effectors of the p21 small GTPases Rac1 and Cdc42. The six members of Pak family are divided into two groups depending on their structure and regulation. Paks 1, 2, and 3 belong to group I, while Paks 4, 5, and 6 belong to group II.[9](#jcsm12303-bib-0009){ref-type="ref"} The interaction between the small GTPases and the Paks relies on their GTPase binding domain also called Cdc42‐Rac interactive binding domain.

At the cellular level, Paks functions range from the modulation of cytoskeleton dynamics to the control of cell survival and cell cycle progression as well as transcriptional regulation via the MAPK cascade.[10](#jcsm12303-bib-0010){ref-type="ref"} In muscles, Pak1 is part of a ternary complex with Dishevelled and Muscle‐Specific Kinase that is important for the Acetylcholine Receptor (AChR) clustering during the formation of the neuromuscular junction.[11](#jcsm12303-bib-0011){ref-type="ref"}

Cdc42, the GTPase upstream of Pak1, has been shown to be important for p38 activation, a MAPK involved in the activation of satellite cells, the regulation of their asymmetric division and myoblast‐to‐myotube transition.[12](#jcsm12303-bib-0012){ref-type="ref"}, [13](#jcsm12303-bib-0013){ref-type="ref"}, [14](#jcsm12303-bib-0014){ref-type="ref"}, [15](#jcsm12303-bib-0015){ref-type="ref"}, [16](#jcsm12303-bib-0016){ref-type="ref"}, [17](#jcsm12303-bib-0017){ref-type="ref"} During myoblast differentiation, the activation of p38 depends on cell‐to‐cell contact and TNFα stimulation.[18](#jcsm12303-bib-0018){ref-type="ref"}, [19](#jcsm12303-bib-0019){ref-type="ref"} Upon cell‐to‐cell contact and cadherin ligation, the intracellular region of Cell adhesion molecule‐related/down‐regulated by oncogenes (Cdo), a multifunctional cell surface protein, mediates the assembly of a scaffold structure formed by C‐Jun‐amino‐terminal kinase‐interacting protein 4 (JLP) and Bcl2/adenovirus E1B 19 kDa protein‐interacting protein 2 that in turn recruits p38 and the GTPase Cdc42, respectively, in close proximity of the plasma membrane. The switch from Cdc42‐GDP to Cdc42‐GTP results in the activation of p38 and the ensuing signalling cascade regulating myoblast differentiation.[20](#jcsm12303-bib-0020){ref-type="ref"}, [21](#jcsm12303-bib-0021){ref-type="ref"}, [22](#jcsm12303-bib-0022){ref-type="ref"}, [23](#jcsm12303-bib-0023){ref-type="ref"}, [24](#jcsm12303-bib-0024){ref-type="ref"} Once activated, p38α/β (hereafter p38) participates in many key steps of the myoblast differentiation process[25](#jcsm12303-bib-0025){ref-type="ref"} by phosphorylating and activating several myogenic transcription factors, including Mef2a, Mef2c, and Mef2d[13](#jcsm12303-bib-0013){ref-type="ref"}, [15](#jcsm12303-bib-0015){ref-type="ref"}, [26](#jcsm12303-bib-0026){ref-type="ref"} or E47 that heterodimerizes with MyoD to enhance its transcriptional activity.[27](#jcsm12303-bib-0027){ref-type="ref"} Moreover, p38 is important to up‐regulate myogenin and down‐regulate Pax7 expression, a hallmark of satellite cell differentiation,[28](#jcsm12303-bib-0028){ref-type="ref"}, [29](#jcsm12303-bib-0029){ref-type="ref"}, [30](#jcsm12303-bib-0030){ref-type="ref"} as well as to trigger cell‐cycle exit.[14](#jcsm12303-bib-0014){ref-type="ref"}, [31](#jcsm12303-bib-0031){ref-type="ref"}

Nonetheless, how the signal is transmitted from Cdc42 to p38 or to other kinases is unknown. Very recently, group I Paks have been implicated in the N‐cadherin/Cdo/Cdc42 signalling pathway and in the control of myogenesis.[32](#jcsm12303-bib-0032){ref-type="ref"} However, this conclusion was reached by using mice that were knocked out for the *Pak1* or *Pak2* genes, making difficult to discriminate the roles of Paks in muscle during development and in the adulthood. We avoided this by electroporating plasmids expressing PAK1 in muscles of adult post‐puberal mice or by treating them with IPA‐3, a group I Paks inhibitor,[33](#jcsm12303-bib-0033){ref-type="ref"} to transiently modulate the activity of Paks.

Here, we show that Pak1 levels are down‐regulated in two models of muscle wasting: (i) cancer‐related cachexia of colon adenocarcinoma‐bearing mice (C26) *in vivo* and (ii) dexamethasone‐induced atrophy *in vitro*. Ectopic expression of Pak1 counteracts muscle atrophy in *in vivo* and *in vitro* models. Interestingly, we found that IPA‐3 administered *in vivo* impairs regeneration of injured muscles, thus confirming the role of group I Paks in this process. Moreover, IPA‐3 treatment *in vitro* affects myogenin expression and myotube formation of vessel‐associated myogenic progenitors (mesoangioblasts, Mabs), C2C12, and satellite cells, ultimately reducing p38 phosphorylation. Overall, our findings support a role for group I Paks in muscle differentiation and tissue homeostasis.

Materials and methods {#jcsm12303-sec-0006}
=====================

Cell cultures {#jcsm12303-sec-0007}
-------------

The Mabs cell line was kindly provided by Giulio Cossu\'s laboratory.[34](#jcsm12303-bib-0034){ref-type="ref"} C2C12 mouse myoblast cell line was purchased from ATCC (American Type Culture Collection, Bethesda, MD, USA) company (CRL‐1772). Mabs or C2C12 were seeded on Falcon dishes at 37°C with 5% CO~2~ in growth medium (GM), Dulbecco modified Eagle medium (DMEM), supplemented with 10% heat‐inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate, and 10 mM HEPES. For some of the experiments shown in Figures [1](#jcsm12303-fig-0001){ref-type="fig"} and [2](#jcsm12303-fig-0002){ref-type="fig"}, C2C12 were differentiated into myotubes by growing them in DMEM supplemented with 2% Horse Serum at 37°C with 8% CO~2~.

![**Pak1 expression is reduced in TA muscles of cachectic C26‐bearing mice and its ectopic expression preserves myofiber area of cachectic mice by reducing the expression of *atrogin‐1* and *MuRF1* and possibly by inducing *myogenin*.** *(A)* Representative western blot revealing total Pak1 in crude protein extracts from TA of colon adenocarcinoma‐bearing mice (C26) compared with controls (PBS). Vinculin is used as a loading control. Twenty microgram of lysates of C2C12 myoblasts previously transfected for 24 h with GFP‐PAK1 expressing plasmids have been used as controls as well as non‐transfected cells. *(B)* The bar graph illustrates the densitometric quantification of Pak1/vinculin signal ratio for experiments as represented in (A) (*n* = 4--6, unpaired *t* **‐**test, \*\**P* **≤** 0.01) GUSB has been used as housekeeping gene. *(C)* The mRNA levels of Pak1 in TA from C26‐bearing mice were determined by quantitative polymerase chain reaction (*n* = 6--10, unpaired *t*‐test, \**P* = 0.02). *(D)* Representative images of cross‐sections of TA from C26‐bearing mice or PBS‐injected ones, previously electroporated *in vivo* with DsRed2‐PAK1, are shown. Scale bar: 100 μm. *(E)* Frequency histograms showing the distribution of cross‐sectional areas of muscle fibers of TA either from PBS‐injected mice or C26‐injected ones for 14 days and transfected with empty vector or DsRed2‐PAK1. *(F)* The mean cross‐sectional area is shown for the four conditions described earlier (*n* = 219 fibers from five electroporated TA from PBS‐injected mice; *n* = 339 fibers from seven electroporated TA from C26‐injected mice, unpaired *t*‐test, \*\*\*\**P* ≤ 0.001). *Atrogin‐1 (G)* and *MuRF1 (H)* expressions (reported in AU) inversely correlate with transfected human GFP‐PAK1 in muscle from C26‐bearing mice. On the x and y axes, the relative amount of expression of the genes indicated is reported. These numbers have been obtained by comparing the CT of the samples with that of standards of which serial dilutions have been run and probed for the same genes in the same plate. Pearson\'s test is shown for correlation analysis, *n* = 6--7. *(I)* The mRNA levels of myogenin in TA from C26‐bearing mice electroporated with plasmids for GFP or GFP‐PAK1 were determined by quantitative polymerase chain reaction (*n* = 8--9, unpaired *t*‐test, \**P* ≤ 0.05) TBP has been used as housekeeping gene. SEM is indicated in all figures. PAK1, p21 protein‐activated kinase 1; TA, tibialis anterior; AU, arbitrary units; GUSB, β‐glucuronidase; TBP, Tata‐Binding Protein.](JCSM-9-727-g001){#jcsm12303-fig-0001}

![**PAK1 overexpression exerts anti‐atrophic effects in two models of *in vitro* C2C12 atrophy.** *(A)* The circulating levels of IL6 in the plasma of C26‐bearing mice is drastically increased with respect to PBS‐injected mice (*n* = 3--6, Mann Whitney\'s test, \**P* = 0.02). *(B)* Upon 5 h treatment with 10 or 100 ng/mL murine IL6, C2C12 myoblasts transiently expressing Stat3 4X‐FLuc reporter plasmids induce FLuc (*n* = 3, one‐way anova followed by Dunnett\'s test, \*\**P* ≤ 0.01, \*\*\*\**P* ≤ 0.0001). *(C)* IL6‐induced Stat3‐FLuc signal is reduced in myoblasts expressing GFP‐PAK1 with respect to those expressing GFP. Myoblasts treated for 5 h with IL6 (100 ng/mL) were previously transfected with Stat3 4X‐FLuc plasmid, Renilla luciferase plasmids, and GFP or PAK1‐expressing plasmids. The results of three independent experiments are shown. Mean is reported (*n* = 14, unpaired *t*‐test, \*\*\**P* = 0.0002). *(D)* Rates of long‐lived protein degradation were measured in myotubes transfected on the third day of differentiation with plasmids for pDSRed2‐PAK1 or empty vector and differentiated for one more day, when they were exposed for 24 h to 10 ng/mL IL6 (*n* = 4, unpaired *t*‐test, \**P* ≤ 0.05). *(E)* The mRNA content of Pak1 is reduced in atrophying myotubes exposed for 24 h to 10 μM dexamethasone (*n* = 6, Mann Whitney\'s test, \*\**P* = 0.002, \*\*\*\**P* ≤ 0.0001). *(F)* Myotubes transfected on the third day of differentiation with plasmids for GFP‐PAK1 or only GFP were exposed for 24 h on the fourth day of differentiation to vehicle or 1 μM dexamethasone or 10 μM IPA‐3. In these conditions, the mRNA levels of *MuRF1* were determined by quantitative polymerase chain reaction (*n* = 4, unpaired *t*‐test, \**P* ≤ 0.05). *(G)* Myoblasts were transfected, as indicated earlier, for 24 h, total protein was then extracted. Immunoblot analysis reveals the protein content of p‐FOXO3, FOXO3, atrogin‐1, and vinculin that is used as loading control. *(H)* Quantification of the ratio between p‐FOXO3 over total FOXO3 is shown (*n* = 6--8, unpaired *t*‐test, \**P* ≤ 0.05). SEM is indicated in all figures. IL6, interleukin‐6; FLuc, firefly luciferase; PAK1, p21 protein‐activated kinase 1; TBP, Tata‐Binding Protein.](JCSM-9-727-g002){#jcsm12303-fig-0002}

Satellite cells isolation and culture {#jcsm12303-sec-0008}
-------------------------------------

Hind limb muscles were isolated from C57BL/6 mice. Muscles were then subjected to mechanical dissociation followed by enzymatic digestion for 60 min at 37°C. The enzymatic mix was composed of 2 μg/mL collagenase A (Roche 10103586001), 2,4 U/mL dispase II (Roche 04942078001), and 0,01 mg/mL DNase I (Roche 04716728001) in D‐PBS with Calcium and Magnesium. Enzymatic digestion was stopped by addition of Hank\'s Balanced Salt Solution (Thermo Fisher Scientific 14025050) and cell suspension was filtered through a 100, 70, 40 μm cell strainer. Red Blood Cells were removed using RBC Lysis Buffer (Santa Cruz sc‐296258) and cell suspension was filtered through 30‐μm cell strainer. Cells were sorted using the MACS separation technology. The antibodies used were CD45 (Miltenyi 130‐052‐301), CD31 (Miltenyi 130‐097‐418), and a7‐integrin (Miltenyi 130‐104‐261). SCs were selected as CD45^−^/CD31^−^/a7‐integrin^+^ cells. The average yield of SCs from hind limbs of a wild type C57BL/6 mouse was 2 \* 10^5^ cells.

Prior to starting any treatment, freshly isolated CD45^−^/CD31^−^/a7‐integrin^+^ cells were seeded on matrigel‐coated dishes at 37°C with 5% CO~2~ in satellite cell growth medium (sGM), DMEM supplemented with 20% heat‐inactivated FBS, 10% horse serum, and 2% chicken embryo extract, 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate, and 10 mM HEPES and cultured for at least 48 h before treatment.

Plasmids and drugs {#jcsm12303-sec-0009}
------------------

The GFP or human GFP‐PAK1 expressing plasmids were kind gifts of Prof. Parsons (Kings College London, UK) and described in Parsons et al.[35](#jcsm12303-bib-0035){ref-type="ref"} PDsRed2‐humanPAK1 was kindly donated by Prof. Jonathan Chernoff (Fox‐Chase Cancer Center, Philadelphia, Pennsylvania, United States) and described in Joseph et al.,[32](#jcsm12303-bib-0032){ref-type="ref"} while the empty vector was purchased from Clontech Laboratories Inc. 4XStat3‐Firefly Luciferase (FLuc) plasmids were kindly donated by Prof. Besser (Max‐Delbrück‐Center, Berlin, Germany). PRL‐TK plasmids were purchased from Promega. C2C12 cells were treated with 1 or 10 μM dexamethasone (Sigma‐Aldrich D2915), as indicated in the legend, or mouse interleukin‐6 (IL‐6) at 10 and 100 ng/mL (SPACE Import Export Srl, 406‐ML‐025) dissolved in water or water for controls. Cells were treated with 10 μM IPA‐3 (Sigma‐Aldrich I2285) dissolved in dimethyl sulfoxide (DMSO) or DMSO for controls. The medium, supplemented with IPA‐3 or DMSO, was refreshed every day or every 2 days depending on the experiment. For experiments shown in Figure [2](#jcsm12303-fig-0002){ref-type="fig"}, except for Figure [2](#jcsm12303-fig-0002){ref-type="fig"}B and [2](#jcsm12303-fig-0002){ref-type="fig"}C, treatments lasted 24 h and started 24 h after cell transfection with PAK1‐expressing plasmids.

Luciferase‐based assays {#jcsm12303-sec-0010}
-----------------------

C2C12 myoblasts were transfected with GFP or GFP‐PAK1‐expressing plasmids in combination with 4XStat3‐FLuc and PRL‐TK plasmids using Lipofectamine 2000 (Life Technologies Europe BV), according to manufacturer\'s instructions and the day after they were treated with vehicle or IL6 for 5 h. Samples were processed using Dual‐Luciferase Reporter Assay System (Promega Italia, Srl) and F‐Luc signal quantitated using a luminometer (LumatLB9507, Berthord, Wild‐bad, Germany).

Protein degradation and synthesis in C2C12 myotubes {#jcsm12303-sec-0011}
---------------------------------------------------

C2C12 myotubes were transfected on the third day of differentiation with Empty vector (pDSRed2) or pDSRed2‐PAK1 using Lipofectamine 3000 (Life Technologies Europe BV), according to manufacturer\'s instructions. The day after, they were incubated with L‐\[Ring‐3,5‐3H\]‐tyrosine (2 μCi/mL; Perkin‐Elmer) (pulse medium) for 24 h to label long‐lived proteins and then washed three times with chase medium (containing 2 mM unlabelled tyrosine), before collecting aliquots from the medium at specific times. Both pulse and chase media contained the treatment to test (vehicle, IL6, IPA‐3, dexamethasone, or combination of them). Such aliquots were then combined with TCA (10% final concentration) to pellet overall proteins.[36](#jcsm12303-bib-0036){ref-type="ref"} After collecting the last aliquot, cells were resuspended in 2 M NaOH and dissolved in scintillation fluid (Ultima Gold, Perkin‐Elmer) and counted with the Liquid Scintillation Analyzer Tri‐Carb 2800TR (Perkin‐Elmer).

Cell differentiation measurements {#jcsm12303-sec-0012}
---------------------------------

The percentage of myogenin positive cells (*Myog* ^*+*^) was calculated as the ratio between the myogenin expressing nuclei and the total number of nuclei for each field.

Fusion index (*F* ~*ind*~) was determined as the percentage of nuclei included in Myosin Heavy Chain (MyHC)‐expressing myotubes (containing at least three nuclei) vs. the total number of nuclei for each field.[37](#jcsm12303-bib-0037){ref-type="ref"}

The percent variance for *F* ~*ind*~ and for *Myog* ^*+*^ are defined as $$\begin{array}{l}
{\left( {\left( {F_{\mathit{ind}}\textit{Control} - F_{\mathit{ind}}\textit{Treated}} \right)/F_{\mathit{ind}}\textit{Control}} \right)*100,} \\
{\left( {\left( {\textit{Myog}^{+}\textit{Control} - \textit{Myog}^{+}\textit{Treated}} \right)/\textit{Myog}^{+}\textit{Control}} \right)*100.} \\
\end{array}$$

Myotube diameter was evaluated taking three short‐axis measurements at ¼, ½, and ¾ along the length of a given myotube and averaged. More than 30 myotubes per condition were measured and data replicated in at least three independent experiments.

Immunofluorescence {#jcsm12303-sec-0013}
------------------

Cells were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature (RT) and permeabilized in 0,1% Triton X‐100 for 5 min. Cells were then blocked with PBS, 10% FBS and 0,1% Triton X‐100, for 1 h at RT. Incubation with the primary antibody was performed for 1 h at RT, then cells were washed three times and incubated with the secondary antibody for 30 min at RT. The antibodies used were the following: mouse anti‐myogenin (1:250, eBioscience 14‐5643), mouse anti‐MHC (1:2 MF20, DSHB), anti‐mouse secondary antibody Alexa Fluor 555 conjugated (1:100, Life technologies A‐21425), and anti‐mouse secondary antibody Alexa Fluor 488 conjugated (1:100, Life technologies A‐11001). The samples were washed three times and nuclei were counterstained with Hoechst 33342 (Thermo Fisher Scientific, \#3570) (1 mg/mL, 5 min at RT). Images were acquired with LEICA fluorescent microscope (DMI6000B).

Cryosections were fixed with 4% of PFA for 10 min, washed three times, and permeabilized with PBS 0,3% Triton X‐100 (30 min at RT). Sections were then saturated with PBS containing 0,1% Triton X‐100 and 10% goat serum (30 min at RT) and incubated with the primary antibody (1 h at RT or O/N at 4°C), washed three times, and incubated with the secondary antibody 30 min at RT. Next, the samples were washed three times and incubated with DAPI (1:500, Molecular Probes D1306) 10 min at RT, washed again and mounted. Primary antibody: rabbit anti‐laminin (1:300, Sigma‐Aldrich L9393), secondary antibody anti‐rabbit Alexa Fluor 488 conjugated (1:250, Life Technologies A‐11008). Images were acquired with Nikon ECLIPSE TE2000‐E fluorescent microscope. The total corrected cellular fluorescence (TCCF) was evaluated using ImageJ software (National Institutes of Health) as integrated density---(area of selected cell \* mean fluorescence of background readings).[38](#jcsm12303-bib-0038){ref-type="ref"}

EdU‐labelling {#jcsm12303-sec-0014}
-------------

Forty‐eight hours upon isolation, SCs were incubated for 24 h with 10 μM EdU (Thermo Fisher \#C10337) at 37°C and 5% CO~2~ in sGM. Cells were then fixed with 4% PFA for 15 min. EdU‐labelled cells were detected using the Click‐iT EdU Imaging Kit according to the manufacturer\'s instructions. For each experimental group, 125 microscopic fields were automatically analysed using Cell Profiler.

Cross‐sectional area analysis {#jcsm12303-sec-0015}
-----------------------------

Cryosections stained with anti‐laminin antibody were analysed using an ImageJ macro, which automatically detects single fibers within the laminin fluorescent signal. Wrongly detected fibers were manually corrected before starting the cross‐sectional area (CSA) measurement. For each sample, the area of more than 2000 single fibers was measured. Using ImageJ, CSAs of transfected and untransfected fibers from the same muscle were measured and compared for a total of 220--340 fibers for each condition and 5--7 electroporated muscles were analysed per condition.

Histological analysis {#jcsm12303-sec-0016}
---------------------

Evaluation of centrally nucleated fibers (CNFs) fraction has been performed by haematoxylin and eosin staining. Four sections for each sample (*n* = 2) were randomly selected and pictures of the entire section were acquired with Zeiss Lab A1 AX10 microscope. The resulting images were automatically combined using Photoshop in order to reconstitute the entire section. The images obtained were manually analysed with the ImageJ software to evaluate percentage of the CNFs.

Immunoblotting {#jcsm12303-sec-0017}
--------------

After the removal of culture medium, cells were washed in plate with PBS and homogenized in lysis buffer (Millipore cell signalling lysis buffer \#43‐040 or RIPA) supplemented with protease inhibitor cocktail 200X (Sigma), inhibitor phosphatase cocktail I and II 100X (Sigma). Samples were then incubated in ice for 30 min with the lysis buffer and cell debris was separated by centrifugation at 14 000 rpm for 30 min at 4°C. Muscle lysates were prepared as indicated in Martinelli et al.[7](#jcsm12303-bib-0007){ref-type="ref"} Protein concentrations were determined by Bradford colorimetric assay (Bio‐Rad) or BCA assay (ThermoFisher). Total protein extracts (15 or 20 μg) were then separated by SDS‐PAGE. Gels were transferred to membranes, saturated with blocking solution (5% milk or BSA and 0,1% Tween‐20 in PBS), and incubated with primary antibodies overnight at 4°C. The antibodies used were as follows: rabbit anti‐Pak1 (1:1000, Cell Signalling 2602), rabbit anti‐Pak1/2/3 (1:1000, Cell Signalling 2604), rabbit anti‐phospho‐PAK1 (Ser144)/PAK2 (Ser141) (1:1000, Cell Signalling 2606), rabbit anti‐phospho‐PAK1 (Thr423)/PAK2 (Thr402) (1:1000, Cell Signalling 2601), rabbit anti‐FoxO3a (1:1000, Cell Signalling 2497), rabbit anti‐phospho‐FoxO3a (Ser253) (1:1000, Cell Signalling 9466), mouse anti‐atrogin1 (1:1000, Abcam ab168372), rabbit anti‐phospho p38 (1:1000, Cell Signalling 9211), rabbit anti‐p38 (1:1000, Cell Signalling 9212), mouse anti‐myogenin (1:500, e‐Bioscience 14‐5643), rabbit anti‐tubulin antibody (1:500, Santa Cruz sc‐9104), rabbit anti‐actin (1:1000, Sigma A2066), mouse anti‐vinculin (1:1000, Abcam ab18058), and mouse anti‐vinculin (1:5000, Sigma, V9264). Following the incubations with primary antibodies, membranes were then washed three times with the washing solution (0,1% Tween‐20 in PBS) and incubated with anti‐mouse or anti‐rabbit secondary antibodies conjugated with horseradish peroxidase (1:2500, Jackson ImmunoResearch) or conjugated with alkaline phosphatases (1:7500, Promega) for 1 h at RT. The blots were further washed three times and visualized with an enhanced chemiluminescent immunoblotting detection system or Tropix CDP‐Star (Life Technologies). Densitometric analysis was performed using ImageJ software. Phosphorylated and total proteins were normalized with tubulin or actin or vinculin. Finally, the ratio between phosphorylated and total protein was indicated.

RNA isolation, reverse transcription, and quantitative real‐time polymerase chain reaction {#jcsm12303-sec-0018}
------------------------------------------------------------------------------------------

Total RNA was isolated from the muscles with QIAzol Lysis Reagent (Qiagen, Venlo, Netherlands). RNA concentration, purity, and integrity were measured in a spectrophotometer (NANODROP 1000, Thermo SCIENTIFIC, Waltham, MA, USA). Analysis of mRNA/μg in muscle and in myotubes was performed using TaqMan reverse transcription reagents (Life Tech) or the fluorescent intercalating DNA SYBR Green (Qiagen). β‐Glucuronidase or Tata‐Binding Protein were used as housekeeping genes.

Animal procedures {#jcsm12303-sec-0019}
-----------------

For adult mouse skeletal muscle electroporation, TA muscles of 8‐week‐old male BALB/c mice were *in vivo* transfected as in Piccirillo and Goldberg[36](#jcsm12303-bib-0036){ref-type="ref"} with the previously described plasmids, while 1 day later mice were injected with 1 \* 10^6^ of C26 cells in 200 μL subcutaneously or with equal volume of PBS. Muscles were dissected 14 days after muscle *in vivo* transfection and analysed by an individual unaware of the electroporation conditions. Experiments on animals were conducted according to the rules of good animal experimentation I.A.C.U.C. n °432 of 12 March 2006 and under ethical approval released on 11/12/2012 from Italian Ministry of Health, protocol \#20/01‐D.

Four 3‐month‐old C57BL/6 mice were treated with one intraperitoneal (IP) injection of 4 mg/kg body weight (BW) of IPA‐3 in PBS or PBS alone \[2 days before and immediately following cardiotoxin (CTX) treatment\]. For the CTX muscle‐crush injury, mice were anesthetized with an intramuscular injection of physiologic saline (10 ml/kg) containing ketamine (5 mg/mL) and xylazine (1 mg/mL) and then 20 μl of 10 μM CTX isolated from Naja pallida (Latoxan L81‐02) were intramuscularly administered into the tibialis anterior (TA) muscle. Mice were further treated with IP injection of IPA‐3 or PBS 3 and 7 days after CTX injection. PBS and IPA‐3 treated mice were sacrificed 14 days after CTX injury, the TA was collected and snap frozen in OCT for cryosectioning with a Leica cryostat. Experiments on animals were conducted according to the rules of good animal experimentation I.A.C.U.C. n °432 of 12 March 2006 and under ethical approval released on 16/09/2011 from Italian Ministry of Health, protocol \#163/2011‐B.

Cytokines {#jcsm12303-sec-0020}
---------

Interleukin‐6 levels in murine plasma were analysed by the Luminex® xMAP technology, exploiting fluorescent‐coded magnetic beads coated with specific antibodies. The tests were run using kits and protocols from Merck Millipore. The sensitivity of the assay was 2,2 pg/mL.

Statistical analysis {#jcsm12303-sec-0021}
--------------------

Statistical analysis was performed by unpaired Student\'s *t*‐test or Mann Whitney\'s test or One‐way anova followed by Dunnett\'s test (\**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001). Results are presented as the means ± SEM. All the experiments were repeated at least twice. *P*‐values ≤ 0.05 were considered significant. For statistical analyses, GraphPad Prism software (GraphPad, version 7.0) was used.

Results {#jcsm12303-sec-0022}
=======

The p21 protein‐activated kinase 1 expression is reduced in tibialis anterior muscles of cachectic mice and its ectopic expression preserves myofiber cross‐sectional area from C26‐induced cachexia {#jcsm12303-sec-0023}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Because we recently reported that in microarray analysis *Pak1* expression was specifically down‐regulated only in the skeletal muscle of Yoshida hepatoma‐bearing rats and not in muscles of rodents undergoing other kinds of muscle wasting (i.e. fasting, uremia, diabetes, disuse),[8](#jcsm12303-bib-0008){ref-type="ref"} we asked whether the Pak1 protein level was also reduced in cachectic muscles of mice. To this end, we induced cachexia in BALB/c mice by injecting colon adenocarcinoma C26 cells that is a highly characterized model of cancer cachexia.[39](#jcsm12303-bib-0039){ref-type="ref"}

Mice were injected in their right flank with 1 × 10^6^ C26 cells subcutaneously and food intake and BW were monitored daily as in Martinelli et al.[7](#jcsm12303-bib-0007){ref-type="ref"} In accordance with institutional guidelines, animals were euthanized when at least four out of five signs of distress (loss of mobility, kyphosis, ruffled fur, low body temperature, tremor) were present or when more than 20% of BW was lost in 72 h. We found that the expression of Pak1 is reduced to one fourth at the protein level (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}A and [1](#jcsm12303-fig-0001){ref-type="fig"}B) and to half at the mRNA level (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}C) in TA of C26‐bearing animals, confirming Pak1 down‐regulation in a second model of cancer cachexia. Further, we checked PAK1 expression in TA from immunodeficient mice bearing a human renal carcinoma RXF393 that also results in cachexia[40](#jcsm12303-bib-0040){ref-type="ref"} and confirmed a trend toward reduced levels of mRNAs encoding for PAK1 (Figure [S1](#jcsm12303-supitem-0001){ref-type="supplementary-material"}).

To understand if Pak1 down‐regulation has a functional relevance for the progression of C26‐induced muscle wasting, we electroporated plasmids directing the synthesis of PAK1 and the corresponding empty vector in the TA of mice that were further injected with C26 cells the day after electroporation. Fourteen days later, muscles were dissected and analysed for fiber CSA and the expression of atrogenes, such as *atrogin‐1* and *MuRF1,* [8](#jcsm12303-bib-0008){ref-type="ref"} was evaluated by quantitative polymerase chain reaction (Q‐PCR). While muscle overexpression of PAK1 has no appreciable effect on fiber CSA of control mice (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}D--F), it preserves fibers from atrophy in C26‐bearing mice, as shown by 20% increase of mean CSA (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}F). We could discriminate exogenous from endogenous Pak1, because the human PAK1 mRNA expressed by the transfected plasmid could be detected by Q‐PCR using specific probes. When we compared the expression levels of exogenous *PAK1* electroporated in TA of C26‐carrying mice with *atrogin‐1* or M*uRF1*, we found significant inverse correlations, indicating that the highest *PAK1* expression associates with the lowest levels of the ubiquitin ligase transcripts (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}G and [1](#jcsm12303-fig-0001){ref-type="fig"}H). In contrast, the expression of *myogenin* is significantly induced in muscles from C26‐bearing mice electroporated with the PAK1 plasmid (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}I), while *PAX7* and *MyoD* genes were unaffected by PAK1 overexpression ([Figure S2A--C](#jcsm12303-supitem-0001){ref-type="supplementary-material"}). No change in the expression of *atrogin‐1,* M*uRF1*, and *myogenin* was also observed in PAK1‐overexpressing muscles from PBS‐injected mice ([Figure S3](#jcsm12303-supitem-0001){ref-type="supplementary-material"}).

The p21 protein‐activated kinase 1 overexpression counteracts C2C12 atrophy induced by either interleukin‐6 or dexamethasone {#jcsm12303-sec-0024}
----------------------------------------------------------------------------------------------------------------------------

In the attempt to understand if reduced amount of Pak1 may affect the muscle wasting process, we performed further gain‐of‐function experiments *in vitro*. First, we measured the plasma level of IL6 that is known to be one of the major inflammatory mediators of muscle wasting in cancer‐bearing animals as in cancer patients.[41](#jcsm12303-bib-0041){ref-type="ref"}, [42](#jcsm12303-bib-0042){ref-type="ref"}, [43](#jcsm12303-bib-0043){ref-type="ref"} As expected, we found a significant increase in circulating IL6 only in C26‐bearing mice (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}A). We next treated myoblasts that were previously transfected with a plasmid expressing FLuc under the control of four Stat3 binding sites with two concentrations of IL6, including the one measured *in vivo* (i.e. 10 ng/mL). A dose‐dependent increase in FLuc‐based signal was found upon IL6 treatment (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}B). Interestingly, PAK1 overexpressed for 48 h restrains the IL6‐induced FLuc signal, indicating that increased Pak1 can counteract the IL6 signalling leading to C2C12 atrophy *in vitro* (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}C). Indeed, transfected PAK1 is activated as indicated by immunoblot analysis, showing that exogenous GFP‐PAK1 is phosphorylated in threonine 432 ([Figure S4](#jcsm12303-supitem-0001){ref-type="supplementary-material"}). To better understand the mechanism behind the anti‐atrophic effect exerted by PAK1, we measured rates of long‐lived protein degradation in myotubes transfected with plasmids overexpressing PAK1 for 24 h or with the corresponding empty vector. Interestingly, we found that PAK1 expression negatively affects protein degradation rates and restrains IL6‐induced proteolysis (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}D). Indeed, we also found reduced protein degradation rates in cells expressing PAK1 in the absence of IL6 treatment (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}D). This result partially contrasts with the observation that atrogin‐1 and MuRF1 mRNA levels are not affected by PAK1 overexpression in mature myotubes or in murine muscles (Figures [2](#jcsm12303-fig-0002){ref-type="fig"}F and [S3](#jcsm12303-supitem-0001){ref-type="supplementary-material"}). However, we observed a correlation between PAK1 expression and a trend to reduction in the protein content of endogenous p97/VCP (*P* = 0.06) ([Figure S5](#jcsm12303-supitem-0001){ref-type="supplementary-material"}), a member of the AAA‐ATPase superfamily that we have previously shown to be involved in muscle protein degradation.[36](#jcsm12303-bib-0036){ref-type="ref"}

Further, we monitored Pak1 expression levels in an *in vitro* model of myotube atrophy, which recapitulates some of the features of cancer cachexia.[44](#jcsm12303-bib-0044){ref-type="ref"}, [45](#jcsm12303-bib-0045){ref-type="ref"}, [46](#jcsm12303-bib-0046){ref-type="ref"} Fully mature myotubes were exposed for 24 h with doses of dexamethasone known to reduce myotube diameters and induce the expression of the atrogenes.[8](#jcsm12303-bib-0008){ref-type="ref"}, [44](#jcsm12303-bib-0044){ref-type="ref"} *Pak1* expression, measured by Q‐PCR, decreases after cells are treated with 10 μM dexamethasone (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}E), as observed in cachectic muscles in *in vivo* models (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}C).

Notably, differently from dexamethasone treatment, the inhibition of group I Paks with the specific compound IPA‐3 does not reduce protein synthesis, nor it exacerbates the dexamethasone‐dependent effect on protein synthesis ([Figure S6A](#jcsm12303-supitem-0001){ref-type="supplementary-material"}) or protein degradation ([Figure S6B](#jcsm12303-supitem-0001){ref-type="supplementary-material"}). We conclude that inhibiting the enzymatic activity of Pak1 is not sufficient to recapitulate myotube atrophy at least *in vitro*. Most interestingly, when we measured mRNA levels of *MuRF1* in dexamethasone‐exposed myotubes, previously transfected with plasmids encoding for PAK1 or GFP, we found that exogenous PAK1 is able to restrain dexamethasone‐induced *MuRF1* expression, while GFP does not (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}F). Consistently, the ratio between phosphoFOXO3 and FOXO3 is maintained by PAK1 overexpression as in normal not atrophying cells and it does not decrease as in dexamethasone‐exposed myoblasts (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}G and [2](#jcsm12303-fig-0002){ref-type="fig"}H). PAK1 overexpression is also able to restrain partially atrogin‐1 protein induction in dexamethasone‐treated myotubes (Figures [2](#jcsm12303-fig-0002){ref-type="fig"}G and [S7](#jcsm12303-supitem-0001){ref-type="supplementary-material"}).

Overall, these data suggest that activating Pak1 can have beneficial effects on C2C12 cells and muscles undergoing cancer‐induced wasting.

The p21 protein‐activated kinase 1 inhibition delays skeletal muscle regeneration following cardiotoxin injury in vivo {#jcsm12303-sec-0025}
----------------------------------------------------------------------------------------------------------------------

Because IL6 plays a role not only in muscle wasting but also in regeneration following muscle injury[47](#jcsm12303-bib-0047){ref-type="ref"} and because we observed increased myogenin expression in C26‐bearing mice electroporated with a PAK1 expressing plasmid, we wondered whether the inhibition of group I Paks by the *in vivo* administration of its inhibitor IPA‐3 had any effect on muscle regeneration. Because muscle regeneration is hardly activated in physiological conditions, we treated hind limb muscles of C57BL/6 mice with CTX injections[48](#jcsm12303-bib-0048){ref-type="ref"} to induce muscle injury and to activate the muscle repair machinery. To make sure that the homodimer inactive forms of group I Paks were inhibited at the moment of muscle injury, mice were pre‐treated with IP administration of IPA‐3 (4 mg/kg) or PBS. Mice were further treated with IP injection of IPA‐3 or PBS the same day of CTX injury as well as 3 and 7 days later (Figure [3](#jcsm12303-fig-0003){ref-type="fig"}A).

![**IPA‐3 *in vivo* treatment delays muscle regeneration.** *(A)* Graphical representation of the IPA‐3 treatments prior and following CTX treatment. *(B)* Representative images of haematoxylin and eosin histological staining on mouse TA sections 14 days after CTX injection. Scale bar: 100 μm. *(C)* The bar graph shows the percentage of CNF 14 days after CTX injury in the TA of control and IPA‐3 treated mice (*n* = 2, unpaired *t*‐test, \**P* ≤ 0.05). *(D)* Immunofluorescence images showing laminin expression in mouse TA sections 14 days after CTX injection. Scale bar: 50 μm. *(E)* Graphical representation of CSA distribution in TA of IPA‐3 treated and control mice 14 days after CTX injury. The values represent the mean of two muscle samples (*n* = 2). *(F)* Schematic representation of the EdU labelling of SC following *in vivo* IPA‐3 pre‐treatment and CTX injury. *(G)* Immunofluorescence microphotographs of SCs 24 h upon EdU pulse (green). Scale bar: 100 μm. *(H)* Bar plot showing the percentage of EdU positive SCs for the experiment reported in G (*n* = 3, unpaired *t*‐test). SEM is indicated in all figures. CTX, cardiotoxin; CNF, centrally nucleated fiber; TA, tibialis anterior.](JCSM-9-727-g003){#jcsm12303-fig-0003}

Hind limb muscles were collected 14 days following injury. Histological analysis of TA of mice treated with IPA‐3 reveals altered regeneration process when compared with untreated controls. Haematoxylin and eosin stained TA muscles isolated from IPA‐3‐treated mice display a higher number of CNFs compared with controls (Figure [3](#jcsm12303-fig-0003){ref-type="fig"}B and [3](#jcsm12303-fig-0003){ref-type="fig"}C). Consistently, the CSA of treated muscles is smaller than controls (Figure [3](#jcsm12303-fig-0003){ref-type="fig"}D and [3](#jcsm12303-fig-0003){ref-type="fig"}E). To test whether IPA‐3 pre‐treatment impaired satellite cells proliferation, we isolated SC 3 days after CTX injury from control or IPA‐3 pre‐treated mice. Cells were cultured with sGM (20% FBS, 10% HS, and 2% chicken embryo extract) for 48 h and then incubated for 24 h with EdU (ethynyl‐2′‐deoxyuridine), a thymidine analogue, which incorporates into dividing cells during the S‐phase. As shown in Figure [3](#jcsm12303-fig-0003){ref-type="fig"}F--H, SC isolated from IPA‐3 pre‐treated mice did not show any difference in EdU incorporation *in vitro* when compared with SC isolated from control mice. Taken together, these results suggest that IPA‐3 treatment slows down muscle regeneration following CTX injury without affecting the proliferation rate of SC, implicating the activity of the specific group I Paks in satellite differentiation *in vivo*.

The IPA‐3 treatment affects myogenin expression during mesoangioblasts and C2C12 differentiation {#jcsm12303-sec-0026}
------------------------------------------------------------------------------------------------

Because muscle regeneration *in vivo* is mainly driven by myoblast proliferation and differentiation, we analysed the effect of IPA‐3 treatment on myoblast differentiation *in vitro*. To first confirm that IPA‐3 treatment was impairing Pak1 activation, we treated C2C12 in GM with different concentrations of IPA‐3. Among the three members of group I Paks, only Pak1 and Pak2 are expressed in skeletal muscle and among them, Pak1 is the most abundant in both C2C12 and Mabs.[49](#jcsm12303-bib-0049){ref-type="ref"}, [50](#jcsm12303-bib-0050){ref-type="ref"}, [51](#jcsm12303-bib-0051){ref-type="ref"} To test whether IPA‐3 affects Pak1 activity, we plated C2C12 (250 cells/mm^2^) in GM and after 24 h, cells were treated with different concentrations of IPA‐3. As shown in Figure [4](#jcsm12303-fig-0004){ref-type="fig"}A, phosphorylation (p‐Pak1) on S144[52](#jcsm12303-bib-0052){ref-type="ref"} is reduced by IPA‐3 treatment. Inhibition of activation at IPA‐3 concentrations of 20 and 30 μM is stronger than at 10 μM. However, these concentrations were toxic over long period of culture (data not shown). Thus, in the experiments reported in the succeeding text, we used 10 μM IPA‐3. To analyse the effect of IPA‐3 treatment during myogenic differentiation *in vitro*, we tested two myogenic cell lines: C2C12 and a line of Mabs.[34](#jcsm12303-bib-0034){ref-type="ref"} Cells were plated at low confluence (250 cells/mm^2^) and cultured for 9 days in GM. One day after plating the GM was supplemented with IPA‐3 or DMSO as control. The medium was refreshed every 2 days to minimize cell stress during differentiation. As shown in Figure [4](#jcsm12303-fig-0004){ref-type="fig"}B--D, we observed a significant difference in the percentage of myogenin^+^ cells when IPA‐3‐treated cells were compared with controls in both Mabs and C2C12. Moreover, as shown in Figure [4](#jcsm12303-fig-0004){ref-type="fig"}E and [4](#jcsm12303-fig-0004){ref-type="fig"}F, the percentage of myogenin^+^ cells was lower in the treated cells than in the control throughout the entire length of the experiment (9 days). We further evaluated myogenin cell content measuring the total corrected fluorescence intensity of differentiating Mabs treated with or without 10 μM of IPA‐3 5 days post plating. As shown in [Figure S8](#jcsm12303-supitem-0001){ref-type="supplementary-material"}, there is a significant difference between control and treated cells within each replicate, suggesting that the reduced percentage of myogenin expressing cells upon IPA‐3 treatment is also accompanied by lower levels of myogenin expression at the single cell level. This result suggests that upon group I Paks inhibition, the expression of myogenin is significantly impaired in differentiating myoblasts.

![**IPA‐3 treatment reduces myogenin expression throughout Mabs and C2C12 myogenic differentiation process.** *(A)* Immunoblot analysis revealing p‐Pak1 (S144) and total Pak1 in C2C12 protein extracts following 2 h treatment with various concentrations of the inhibitor IPA‐3 or vehicle (dimethyl sulfoxide). Pak1 and p‐Pak1 signals have been developed on separate filters and vinculin serves as a loading control. *(B)* Immunofluorescence microphotographs of Mabs labelled with an antibody against myogenin (green). *(C, D)* Bar plot representing the percentage of myogenin positive cells for Mabs and C2C12, respectively. *(E)* The graph illustrates the percentage difference of myogenin positive cells during Mabs myogenic differentiation program. *(F)* Graph showing the different percentage of myogenin positive cells during C2C12 differentiation. The values represented are means of at least three independent experiments + SEM. Statistical significance has been evaluated using the unpaired *t*‐test, \**P* ≤ 0.05, \*\**P* ≤ 0.01. Scale bar: 100 μm. PAK1, p21 protein‐activated kinase 1; Mabs, mesoangioblasts.](JCSM-9-727-g004){#jcsm12303-fig-0004}

The p21 protein‐activated kinase 1 inhibition affects myogenic terminal differentiation {#jcsm12303-sec-0027}
---------------------------------------------------------------------------------------

Myogenesis is a finely orchestrated process requiring the sequential activation of signalling proteins and transcription factors.[53](#jcsm12303-bib-0053){ref-type="ref"} We asked whether the observed decrease in myogenin expression caused by the inhibition of Pak1 activity could have consequences on the outcome of the differentiation process. To test this possibility, Mabs and C2C12 were plated at low density and cultured for 9 days to induce differentiation following cell contact after growth in GM. One day after plating, the medium was supplemented with IPA‐3 or DMSO and the differentiation efficiency was assessed upon immunostaining with an antibody against the MyHC, a late muscle‐specific differentiation marker. MyHC expression was significantly higher at Day 5 post plating in control cells when compared with the treated ones (Figure [5](#jcsm12303-fig-0005){ref-type="fig"}A). Later on, MyHC‐expressing myotubes appeared also in the IPA‐3‐treated samples albeit at a significantly lower efficiency. The remarkable differentiation inhibition was accompanied by a significant decrease in the fusion index (Figure [5](#jcsm12303-fig-0005){ref-type="fig"}B--E). At Day 9, the difference in fusion index was less striking, but myotubes formed by IPA‐3‐treated cells were thinner than controls (Figure [5](#jcsm12303-fig-0005){ref-type="fig"}F). So, the *in vitro* inhibition of group I Paks in myogenic cell lines is accompanied by a drastic reduction of the myogenic potential of Mabs and C2C12, possibly as a consequence of the inefficient activation of the p38 MAP kinase.

![**IPA‐3 treatment affects MyHC expression and myotube formation of differentiating myogenic cells.** *(A)* Immunofluorescence images, showing MyHC expression (red) in IPA‐3 treated differentiating Mabs. The insets display a higher magnification (×20). *(B, C)* Average fusion index for Mabs and C2C12 following IPA‐3 treatment. *(D, E)* Bar plots representing the percentage of inhibition for the fusion index between IPA‐3 treated and control Mabs or C2C12. *(F)* Bar plot of Mabs‐derived myotube diameter (μm). The plotted values are means of three independent experiments + SEM. Statistical significance has been evaluated using the unpaired *t*‐test, \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\*\**P* ≤ 0.0001. Scale bar for ×20 magnification: 50 μm. Scale bar for ×10 magnification: 100 μm. MyHC, myosin heavy chain; Mabs, mesoangioblasts.](JCSM-9-727-g005){#jcsm12303-fig-0005}

The IPA‐3 treatment reduces p38 phosphorylation during mesoangioblasts and C2C12 differentiation {#jcsm12303-sec-0028}
------------------------------------------------------------------------------------------------

Pak1 is a downstream effector of the small G protein Cdc42, which mediates the activation of p38 during myoblast differentiation following cell‐to‐cell contact.[21](#jcsm12303-bib-0021){ref-type="ref"}, [22](#jcsm12303-bib-0022){ref-type="ref"}, [23](#jcsm12303-bib-0023){ref-type="ref"}, [24](#jcsm12303-bib-0024){ref-type="ref"}, [54](#jcsm12303-bib-0054){ref-type="ref"} Given the role of p38 in myoblast differentiation, we asked whether the observed negative effect of Pak1 inhibition on Mabs and C2C12 myogenesis correlated with an impaired activation of p38. To this end, we tested the effect of IPA‐3 on p38 phosphorylation during differentiation of mouse Mabs and C2C12. Mabs and C2C12 were cultured (350 cells/mm^2^) in GM for 5 days in order to promote cell‐to‐cell contact and myogenic differentiation. Starting from Day 1 post‐plating, the medium was supplemented with IPA‐3 in treated cells or DMSO in controls. Because the stability in solution of dissolved IPA‐3 is not known, the medium was refreshed every 24 h.

In both Mabs and C2C12, Pak1 inhibition resulted in decreased p38 phosphorylation (p‐p38) that was accompanied by lower and delayed myogenin expression (Figure [6](#jcsm12303-fig-0006){ref-type="fig"}A--F), in agreement with p38 involvement in myogenin transcription.[30](#jcsm12303-bib-0030){ref-type="ref"} The reduction of p38 phosphorylation in IPA‐3 is observed already at Day 2 for C2C12 treated cells, while it occurs during Days 3 and 4 in differentiating Mabs. Furthermore, during Mabs differentiation, the expression of myogenin is significantly decreased in treated cells from Day 3.

![**IPA‐3 treatment reduces p38 phosphorylation during Mabs and C2C12 differentiation.** Representative western blot revealing total p38, p‐p38, and myogenin expression in crude protein extracts from IPA‐3 treated or control Mabs *(A)* and C2C12 *(D)* during 5 days of myogenic differentiation. β‐Tubulin, vinculin, or actin are used as loading controls. The bar graphs illustrate the ratio between p‐p38 and total p38 signals during Mabs *(B)* or C2C12 *(E)* differentiation, as determined by the densitometric quantitation of western blots such as the one in panel A and D. The bar graphs represent the densitometric quantitation of myogenin expression for Mabs *(C)* and C2C12 *(F)*. The values are mean of at least three independent experiments + SEM. Statistical significance was evaluated by the unpaired *t*‐test, \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\*\**P* ≤ 0.0001. Mabs, mesoangioblasts.](JCSM-9-727-g006){#jcsm12303-fig-0006}

These results imply group I Paks in the signalling cascade triggering p38 phosphorylation in myogenic cells. The reduction in p38 activation upon IPA‐3 treatment impairs and delays the myogenic differentiation process, as revealed by reduced myogenin expression.

The p21 protein‐activated kinase 1 inhibition delays cell‐cycle exit without affecting cell proliferation rate {#jcsm12303-sec-0029}
--------------------------------------------------------------------------------------------------------------

Because Mabs and C2C12 differentiation is strictly dependent on cell‐to‐cell contact, we asked if the reduced p38 phosphorylation and the impaired differentiation upon Pak1 inhibition resulted from an altered proliferation rate in treated cells. A decreased proliferation would delay attainment of confluence and activation of p38. In order to evaluate this possibility, Mabs were cultured for 4 days after plating at low density (250 cells/mm^2^). IPA‐3 or DMSO was added 24 h after plating and the medium was refreshed every 24 h. Cell number was assessed by counting the nuclei stained with Hoechst 33342 (Figure [7](#jcsm12303-fig-0007){ref-type="fig"}A). In the initial 2 days of treatment, we observed no difference in cell number in control and treated‐cells, suggesting that IPA‐3 does not impair proliferation. However, control cells stopped proliferating at Day 3 post‐plating and they did not increase significantly in number at Day 4, while IPA‐3‐treated cells kept on dividing (Figure [7](#jcsm12303-fig-0007){ref-type="fig"}B). This result suggests a delayed exit from the cell cycle for IPA‐3‐treated cells, consistently, with the reduced activity of p38 and its role in the regulation of cell‐cycle exit during skeletal muscle differentiation.[31](#jcsm12303-bib-0031){ref-type="ref"}

![**IPA‐3 treatment delays Mabs cell cycle exit without affecting proliferation rate.** *(A)* The panels show Mabs nuclei stained with Hoechst 33342 (magenta) at four time points after plating in growth medium supplemented with DMSO (control) or with IPA‐3. *(B)* The graph illustrates the number of Mabs nuclei/field during the first 4 days of differentiation. *(C, D)* The graphs show the number of nuclei/field during 9 days of differentiation for Mabs and C2C12, respectively. Field area is approx. 2,84 \* 10^5^ μm^2^. The values are mean of at least three independent experiments + SEM. Statistical significance has been evaluated using the unpaired *t*‐test, \**P* ≤ 0.05, \*\**P* ≤ 0.01. Scale bar: 100 μm. Mabs, mesoangioblasts.](JCSM-9-727-g007){#jcsm12303-fig-0007}

To further investigate the effect of Pak1 inhibition on cell proliferation during a longer period of time, Mabs and C2C12 cells were plated at low density and their number was assessed in the following 9 days of culture. IPA‐3 or DMSO were added 24 h after plating and the medium was refreshed every 48 h.

C2C12 and Mabs showed a slightly different response. Mabs treated with IPA‐3 reached a higher cell number compared with control cells during the first 3 days, maintaining this higher density throughout the 9 days of culture (Figure [7](#jcsm12303-fig-0007){ref-type="fig"}C). On the other hand, C2C12 cells showed a slower proliferation compared with Mabs and the number of treated‐cells is similar to the number of control cells until Day 5. However, we observed that while control cells stop their growth at Day 5 post‐plating, IPA‐3 treated cells continue to proliferate reaching a significantly higher number at Day 9 (Figure [7](#jcsm12303-fig-0007){ref-type="fig"}D). This result suggests that the delayed exit from the cell cycle observed for Mabs following group I Paks inhibition occurs also in C2C12 cells.

Group I p21 protein‐activated kinase inhibition affects satellite cell differentiation {#jcsm12303-sec-0030}
--------------------------------------------------------------------------------------

Satellite cells are quiescent in physiological conditions and are activated following muscle damage. Once activated, SC re‐enter cell cycle, proliferate, and differentiate contributing to muscle regeneration. During SC activation, p38 acts as a molecular switch and its phosphorylation is detected within 30 min following muscle dissection.[16](#jcsm12303-bib-0016){ref-type="ref"} Because we observed impaired muscle regeneration *in vivo* following IPA‐3 administration and Pak1 down‐regulation in cachectic muscles that are defective for regeneration, we asked whether IPA‐3 treatment impacted on the differentiation process of satellite cells *in vitro*.

We isolated SC from hind limb muscles of C57BL/6 mice and plated as \~100 cells/mm^2^ (3000 cells/well on matrigel‐coated 96‐well plates) in sGM. Two days after plating, cells were treated with IPA‐3 or DMSO as control in sGM and were fixed 3, 4, and 6 days after treatment. To reduce cell stress, the medium was refreshed every 2 days. As expected, the decrease in Pax7 expression is accompanied by an increase in the fraction of cells expressing MyoD. No significant difference between control and IPA‐3 treated cells was observed at various timepoints during this process ([Figure S9](#jcsm12303-supitem-0001){ref-type="supplementary-material"}). In addition, both control and treated cells express myogenin already at Day 3. However, the percentage of cells that are positive for myogenin staining is significantly higher in controls than in treated cells (Figure [8](#jcsm12303-fig-0008){ref-type="fig"}A and [8](#jcsm12303-fig-0008){ref-type="fig"}C). At Days 4 and 6, the percentage of myogenin‐expressing cells remains higher in control cells.

![**IPA‐3 treatment affects satellite cells differentiation.** *(A, B)* Immunofluorescence showing myogenin (red) and myosin heavy chain (MyHC; red) expression during SC differentiation. Nuclei are represented in grey. *(C)* Bar plot of the percentage of myogenin positive cells. *(D)* The bar graph represents fusion index during SC differentiation. The values are mean of three independent experiments + SEM. Statistical significance has been evaluated using the unpaired *t*‐test, \**P* ≤ 0.05, \*\**P* ≤ 0.01. Scale bar: 100 μm.](JCSM-9-727-g008){#jcsm12303-fig-0008}

The effect of IPA‐3 treatment on SC terminal differentiation was assessed by staining with anti‐MyHC. MyHC expression is higher in control cells than in treated cells (Figure [8](#jcsm12303-fig-0008){ref-type="fig"}B and [8](#jcsm12303-fig-0008){ref-type="fig"}D). These results suggest that IPA‐3 treatment affects the terminal differentiation of satellite cells *in vitro*.

Discussion {#jcsm12303-sec-0031}
----------

Skeletal muscle homeostasis ensures the maintenance of fiber size through the balance of catabolic and anabolic processes together with regular fiber turnover, involving sporadic fusion of activated muscle stem cells.[2](#jcsm12303-bib-0002){ref-type="ref"} Moreover, the maintenance of a functional muscle architecture following damage is guaranteed by efficient regeneration, which involves a complex cross‐talk between immune cells and several muscle‐resident stem cells. Skeletal muscle function and structure are compromised in muscle myopathies, such as DMD and cancer cachexia, negatively impacting on quality of life.

Pak1 is a Ser/Thr kinase that is involved in cytoskeleton remodelling, cell survival, cell cycle progression, and transcriptional regulation via the MAPK cascade.[10](#jcsm12303-bib-0010){ref-type="ref"} This protein is expressed in skeletal muscle and has been implicated in the regulation of myogenin and AChR expression following denervation of mature fibers.[55](#jcsm12303-bib-0055){ref-type="ref"}, [56](#jcsm12303-bib-0056){ref-type="ref"}

Moreover, in skeletal muscle, Pak1 has been associated with the regulation of glucose uptake through insulin‐induced Glut4 translocation[56](#jcsm12303-bib-0056){ref-type="ref"}, [57](#jcsm12303-bib-0057){ref-type="ref"}, [58](#jcsm12303-bib-0058){ref-type="ref"} and in contraction modulation by phosphorylating Myosin Light Chain Kinase.[59](#jcsm12303-bib-0059){ref-type="ref"}, [60](#jcsm12303-bib-0060){ref-type="ref"} In addition, we have recently shown that Pak1 is down‐regulated in atrophying gastrocnemius of Yoshida hepatoma‐bearing rats and others have reported it to be up‐regulated in soleus muscles following Axokine administration.[7](#jcsm12303-bib-0007){ref-type="ref"}, [8](#jcsm12303-bib-0008){ref-type="ref"}, [61](#jcsm12303-bib-0061){ref-type="ref"} All this evidence points to a central role of Pak1 in processes related to muscle physiology. However, we still miss a clear picture of the molecular mechanisms underlying these pleiotropic effects.

Here, we report that the levels of Pak1 protein and mRNA are decreased in the cachectic TA of C26‐bearing mice (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}A--C) and tended to be less in cachectic muscles of RXF393‐carrying mice (Figure [S1](#jcsm12303-supitem-0001){ref-type="supplementary-material"}). Moreover, CSA analysis of TA from C26‐bearing mice previously electroporated with DsRed2‐PAK1 or DsRed2 expressing plasmids suggested that overexpressed Pak1 preserves fiber area during cancer‐induced muscle wasting (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}D--F). Skeletal muscle atrophy is an established adverse effect caused by treatment with glucocorticoids.[62](#jcsm12303-bib-0062){ref-type="ref"} Consistently, we also observed reduced mRNA levels of *Pak1* in atrophying myotubes following dexamethasone exposure *in vitro* (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}E). Dexamethasone treatment causes myotube atrophy, as seen by reduced protein synthesis ([Figure S6A](#jcsm12303-supitem-0001){ref-type="supplementary-material"}), while at the same time induces a down‐regulation of *Pak1* expression and *MuRF1* induction (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}E and [2](#jcsm12303-fig-0002){ref-type="fig"}F). Interestingly, *PAK1* overexpression is able to restrain dexamethasone‐induced *MuRF1* expression (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}F) and maintains FOXO3 inactive in the cytosol, as seen by increased ratio of phospho‐FOXO3/over total (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}G and [2](#jcsm12303-fig-0002){ref-type="fig"}H). However, treatment with the group I Paks inhibitor IPA‐3 is not sufficient to induce atrophy, which may suggest a new activity‐independent function for Pak1 or the requirements of additional players to induce atrophy (Figures [2](#jcsm12303-fig-0002){ref-type="fig"}F, [S6A, and S6AB](#jcsm12303-supitem-0001){ref-type="supplementary-material"}).

We confirmed that in C26‐bearing mice, the circulating levels of IL6 in the plasma are drastically increased compared with control mice and that a reporter plasmid expressing the FLuc under the control of a Stat3‐responsive promoter is activated in C2C12 cells upon exposure to either 10 or 100 ng/mL IL6 (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}A and [2](#jcsm12303-fig-0002){ref-type="fig"}B).

It has been shown that Stat3‐based signalling is enhanced in skeletal muscle of C26‐bearing mice and it is both necessary and sufficient to induce muscle wasting during cancer.[40](#jcsm12303-bib-0040){ref-type="ref"}, [63](#jcsm12303-bib-0063){ref-type="ref"} After overexpressing PAK1 in myoblasts, IL6‐induced Stat3‐FLuc signal is significantly reduced compared with controls (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}C) and IL6‐induced proteolysis is restrained (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}D**).**

Taken together, these results support Pak1 as beneficial to counteract either the IL6/Stat3‐based signalling leading to atrophy *in vitro* or the decreased fiber areas of muscles undergoing cancer cachexia *in vivo*. The Pak1 substrates that mediate these anti‐atrophic effects remain to be established. However, based on our results (Figures [2](#jcsm12303-fig-0002){ref-type="fig"}F--H and [S7](#jcsm12303-supitem-0001){ref-type="supplementary-material"}), FOXO3 comes out as an interesting candidate worth further testing.

Because muscle regeneration is impaired in cancer cachexia,[3](#jcsm12303-bib-0003){ref-type="ref"} we also asked if Pak1 plays a role in skeletal muscle regeneration after CTX insult. We observed that the muscle fibers of IPA‐3‐treated mice display a reduced regeneration after CTX injury, as shown by the persistence of a higher fraction of CNFs and a smaller CSA compared with controls (Figure [3](#jcsm12303-fig-0003){ref-type="fig"}A--E). SC are directly responsible for fibers repair *in vivo*, and upon muscle damage, they exit from quiescence and rapidly proliferate for 5 days post‐injury when they start to differentiate and fuse to damaged fibers.[2](#jcsm12303-bib-0002){ref-type="ref"}, [64](#jcsm12303-bib-0064){ref-type="ref"} We asked whether the slower regeneration rate observed in muscles of IPA‐3 treated mice was caused by an impairment of SC proliferation following muscle injury. However, we observed that IPA‐3 pre‐treatment does not affect SC proliferation upon CTX injury (Figure [3](#jcsm12303-fig-0003){ref-type="fig"}F--H). Collectively, these data suggest that Pak1 is required for muscle regeneration *in vivo*. This conclusion is consistent with what was very recently reported by Joseph et al. using mice knocked out for the *Pak* genes.[32](#jcsm12303-bib-0032){ref-type="ref"}

Myogenesis *in vivo* is driven by the activation of satellite cells, which in turn differentiate into proliferating myoblasts committed toward terminal differentiation. To assess if the delayed muscle regeneration that is observed following IPA‐3 treatment was related to an impairment of myoblast differentiation, we analysed myogenin expression during Mabs and C2C12 differentiation *in vitro*. Myogenin is a member of a family of four related basic helix--loop--helix transcription factors: MyoD, Myf5, myogenin, and Mrf4[65](#jcsm12303-bib-0065){ref-type="ref"} and their coordinated expression is necessary for cell commitment and completion of myogenesis.[26](#jcsm12303-bib-0026){ref-type="ref"}, [53](#jcsm12303-bib-0053){ref-type="ref"}, [66](#jcsm12303-bib-0066){ref-type="ref"} The higher myogenin expression in control cells throughout the differentiation process compared with the treated ones suggests that the expression of myogenin is impaired following IPA‐3 treatment (Figure [4](#jcsm12303-fig-0004){ref-type="fig"}).[28](#jcsm12303-bib-0028){ref-type="ref"}, [30](#jcsm12303-bib-0030){ref-type="ref"} Consistently, the beneficial effects of PAK1 in protecting muscle fiber size of adult mice undergoing cancer cachexia may be mediated by PAK1‐induced myogenin expression (Figure [1](#jcsm12303-fig-0001){ref-type="fig"}I), but further experiments are needed to explore this in depth. Myogenesis is achieved through the sequential expression in a temporally orchestrated fashion of specific subsets of genes, allowing the proper completion of the process.[53](#jcsm12303-bib-0053){ref-type="ref"} Thus, we asked whether the reduction of myogenin expression following chemical inhibition of group I Paks would result in the impairment of terminal myogenic differentiation. To this end, we analysed the expression of the late myogenic marker MyHC. Both Mabs and C2C12 show delayed MyHC expression in treated cells compared with controls. Furthermore, myoblasts treated with IPA‐3 during differentiation were characterized by a lower fusion index and diameter, indicating that the entire myogenic program is compromised following group I Paks inhibition (Figure [5](#jcsm12303-fig-0005){ref-type="fig"}A--F).

The p38 MAP kinase plays many regulatory roles at several steps during the regeneration process of adult muscle. Both TNFα and cell--cell contact can activate p38 during myoblast differentiation.[20](#jcsm12303-bib-0020){ref-type="ref"}, [21](#jcsm12303-bib-0021){ref-type="ref"}, [22](#jcsm12303-bib-0022){ref-type="ref"}, [23](#jcsm12303-bib-0023){ref-type="ref"}, [24](#jcsm12303-bib-0024){ref-type="ref"} When myoblasts reach a high density and make contacts, the surface protein Cdo recruits the JLP scaffold protein that in turn promotes the co‐localization of p38 with other proteins, such as Cdc42 that causes its activation and myogenic differentiation. In this scenario, however, the molecular link between the activation of the Cdc42 switch and the phosphorylation of T180 and Y182 in the activation loop of p38 is not clear.

However, this cascade should not be considered as exclusive for p38 activation because Cdo^−/−^ myoblasts, despite evident defects in completing differentiation, are still able to activate p38 and express the myogenic marker MyHC, albeit less efficiently.[15](#jcsm12303-bib-0015){ref-type="ref"}, [21](#jcsm12303-bib-0021){ref-type="ref"}, [22](#jcsm12303-bib-0022){ref-type="ref"} It is noteworthy that the exogenous expression of the Rho‐specific GEF Geft induces myogenesis of C2C12 cells *via* activation of RhoA, Rac1, and Cdc42 and its downstream effectors including Pak1.[54](#jcsm12303-bib-0054){ref-type="ref"} Pak1 acts downstream of Cdc42 and its involvement in the activation of p38, following IL‐1 stimulation or after cell‐to‐cell contact disruption in the epithelial‐to‐mesenchymal transition, has been reported.[67](#jcsm12303-bib-0067){ref-type="ref"}, [68](#jcsm12303-bib-0068){ref-type="ref"} Thus, we speculated that group I Paks could also be involved in linking Cdc42 and p38 activation during myogenesis as it has also been recently reported by Joseph and coworkers.[32](#jcsm12303-bib-0032){ref-type="ref"}

Our results demonstrate that group I Paks inhibition correlates with a decreased p38 phosphorylation during Mabs and C2C12 differentiation *in vitro* (Figure [6](#jcsm12303-fig-0006){ref-type="fig"}), consistent with group I Paks playing a role in the myogenic cascade activating p38. The observed down‐regulation of p38 activation in the treated cells is not complete, probably due to incomplete group I Paks inhibition or to redundant p38 activation mechanisms, such as the one induced by TNFα.[18](#jcsm12303-bib-0018){ref-type="ref"}, [19](#jcsm12303-bib-0019){ref-type="ref"} We ruled out the possibility that IPA‐3 treatment affects p38 activation by slowing down cell proliferation and by delaying cell contact. Results in Figure [7](#jcsm12303-fig-0007){ref-type="fig"} rather support the conclusion that the delay in myogenic differentiation is a consequence of the negative modulation of p38 activation following group I Paks inhibition. In fact, IPA‐3 does not affect cell proliferation, but treated Mabs show a delayed exit from the cell cycle, consistent with the involvement of p38 activation in cell cycle exit.[14](#jcsm12303-bib-0014){ref-type="ref"}, [31](#jcsm12303-bib-0031){ref-type="ref"} The activation of p38 and cell cycle exit are both necessary to induce myogenic differentiation.

Muscle regeneration *in vivo* is mainly driven by SC, quiescent muscle stem cells located between the muscle fibers and the basal lamina. We observed that group I Paks inhibition affects satellite cells differentiation as revealed by the decrease in myogenin expression and fusion index for treated cells compared with controls (Figure [8](#jcsm12303-fig-0008){ref-type="fig"}A--D). However, Pak1 is poorly expressed in quiescent satellite cells, while its expression increases more than five folds after 4 days of culture.[69](#jcsm12303-bib-0069){ref-type="ref"} Because p38 phosphorylation occurs within 30 min upon SC isolation, Pak1 is probably not involved in this process and the effect of IPA‐3 treatment are probably related to other functions of Pak1, such as cytoskeleton remodelling or the regulation of Glut4 translocation or to Pak2 inhibition.

Taken together, our data add novel evidence to Pak1 playing a central role in the regulation of muscle homeostasis atrophy and myogenesis. In addition to the already described functions in the modulation of cytoskeleton remodelling, glucose uptake, myogenin, and AChR expression following denervation of mature fibers, we report here that Pak1 is down‐regulated in muscle during cancer cachexia or in dexamethasone‐induced atrophy. Its ectopic expression, on the other hand, counteracts muscle wasting associated with cancer cachexia or IL6 or dexamethasone treatment *in vitro*. Moreover, group I Paks positively modulates muscle regeneration, probably by acting between Cdc42 and the MAPK cascade, leading to p38 phosphorylation during myoblast differentiation. Chemical inhibition of group I Paks resulted in diminished p38 activation following cell‐to‐cell contact, delayed exit from the cell cycle, and a reduced efficiency in myogenic differentiation *in vitro* accompanied by impaired regeneration *in vivo*.

More than 35 proteins whose activities are modulated via direct phosphorylation by Pak1 have been reported.[70](#jcsm12303-bib-0070){ref-type="ref"} Which of these substrates play a functional role in the phosphorylation network that modulates the mechanisms underlying its pleiotropic functions in the muscle remains to be established.
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**Fig S1** **The mRNA levels of Pak1 tends to be decreased in TA from RXF393‐bearing mice.** PAK1 expression was determined by quantitative PCR (*n* = 5). Gusb was used as housekeeping gene. SEM is reported. Unpaired T test, ns, *p* = 0.1528. Mice were sacrificed 18 days after tumor inoculation. Consider[^72^](#jcsm12303-bib-0072){ref-type="ref"} as reference for RXF393 *in vivo* inoculation.

**Fig. S2 PAK1 overexpression in Tibialis Anterior of C26‐bearing mice does not alter the expression of PAX7 or MyoD.** Human PAK1‐GFP or GFP expressing plasmids were electroporated into the Tibialis Anterior of mice that had been injected with C26 tumor cells the day after electroporation. The expression of PAX7 (A), MyoD (B), exogenous (human) PAK1 (C) and a housekeeping gene (TBP) were measured by Q‐PCR on muscle dissected 14 days after electroporation (*n* = 6--9, unpaired T‐Test, \*\*\**p* = 0.0004). SEM is reported.

**Fig S3 The expression of *atrogin‐1*, *MuRF1* and *myogenin* is not affected by PAK1 overexpression in muscles of PBS‐injected mice.** The mRNA levels of *atrogin‐1* (A), MuRF1 (B) and myogenin (C) in TA from PBS‐injected mice electroporated for 14 days with empty vector or PAK1 were determined by quantitative PCR (*n* = 7). IPO8 or TBP were used as housekeeping genes. Unpaired T test, ns.

**Fig. S4 Phosphorylation of ectopically expressed PAK1 occurs in transfected myoblasts.** Immunoblot analysis revealing p‐PAK1 (T423) and total PAK1 in C2C12 protein extracts. Cells extracts were analyzed 24 h after transfection of plasmids expressing GFP‐human PAK1 or a corresponding empty vector. PAK1 and p‐PAK1 signals have been developed on separate membranes. Vinculin served as a loading control and has been blotted on both membranes.

**Fig S5 The endogenous p97/VCP content tends to be decreased in C2C12 by PAK1 overexpression.** (A) Myoblasts were transfected with empty vector or Pak1 expressing vectors for 24 h and differentiated into myotubes, total protein was then extracted. Immunoblot analysis reveals the protein content of p97 and vinculin, that is used as loading control. (B) The bar graph illustrates the densitometric quantification of p97/vinculin signal ratio for experiments as represented in A (*n* = 6, 5) Unpaired T test, *p* = 0,06.

**Fig. S6 Pak1 inhibition by IPA‐3 does not affect protein synthesis or protein degradation of normal or dexamethasone‐treated atrophying myotubes.** Overall protein synthesis measured as total CPM (counts per minute) per well (A) and percentage of protein degraded per hour (B) of 4‐days differentiated myotubes treated for 30 h with vehicle (DMSO), 1μM dexamethasone, 10μM IPA‐3 or both, are plotted (*n* = 4, Unpaired T‐Test, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\*\**p* \< 0.0001). Total protein synthesis was calculated by incorporation of L‐\[Ring‐3,5‐3H\]‐tyrosine into cell proteins,[^73^](#jcsm12303-bib-0073){ref-type="ref"} following the procedure described in Piccirillo and Goldberg.^36^

**Fig. S7 PAK1‐overexpressing myoblasts express lower levels of atrogin‐1 protein after dexamethasone treatment.** Densitometric analysis of the blot from the main manuscript (Figure [2](#jcsm12303-fig-0002){ref-type="fig"}G) shows quantification of the protein content of atrogin‐1 in myoblasts transfected with plasmid for GFP or PAK1 and treated for 24 h with 1μM dexamethasone (Dexa) or vehicle. Vinculin was used as loading control (*n* = 6--8, Unpaired T‐Test, \**p* \< 0.05, \*\*\**p* \< 0.001).

**Fig. S8 IPA‐3 treated Mabs display a lower myogenin expression compared to control.** Protein content for each cell was evaluated as total corrected fluorescence intensity for myogenin positive nuclei. The graph shows the difference of myogenin expression between control and IPA‐3 treated cells for each biological replicate. Values are represented as box plots with 2.5--97.5% confidence intervals. The total number of cells counted for each group is 100. Statistical significance has been evaluated using the Unpaired t‐test, \**p* ≤ 0.05, \*\*\**p* = 0.001.

**Fig. S9 IPA‐3 treatment does not affect Satellite cells expression of Pax7 and MyoD.** Immunofluorescence showing Pax7 (green) (A, B) and MyoD (red) (D, E) expression during SC differentiation for control and IPA‐3 treated cells. Nuclei are represented in grey. The plot shows the percentage of Pax7 positive cells (C) or MyoD positive cells (F) for the experiments reported in A, B and D, E. The values are mean of three independent experiments + SEM. Statistical significance has been evaluated using the Unpaired t‐test. Scale bar: 100 μm.
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